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Second class currents and T violation in quasielastic neutrino and
antineutrino scattering from nucleons
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1Department of Physics, Aligarh Muslim University, Aligarh-202002, India
The effect of the second class currents with and without time reversal invariance has been studied
in the quasielastic production of nucleons and hyperons induced by neutrinos and antineutrinos
from the nucleons. The numerical results are presented for the total scattering cross section (σ) as
well as for the longitudinal, perpendicular and transverse components of the polarization of the final
baryons (p, n, Λ, Σ−, Σ0) and muon produced in the quasielastic (anti)neutrino-nucleon scattering
induced by the weak charged current. In the case of the production of Λ hyperon, which is the
most suitable candidate for making the polarization measurements, we have also calculated the Q2
dependence of the polarization observables and the differential scattering cross section (dσ/dQ2).
The measurement of the polarization observables and their Q2 dependence provides an independent
way to determine the nucleon-hyperon transition form factors at high Q2 which can provide tests of
the symmetries of the weak hadronic currents like G-invariance, T invariance and SU(3) symmetry.
PACS numbers: 12.15.Ji, 13.88.+e, 14.20.Jn, 14.60.Lm, 23.40.Bw, 24.70.+s, 25.30.Pt
I. INTRODUCTION
The study of the second class currents (SCC) [1] in the weak interaction phenomenology has been pursued for a
long time in the low energy processes of β decays and muon capture from the nucleons and nuclei [2–7] but there are
very few experiments in the high energy region of elastic and quasielastic (anti)neutrino scattering where such studies
have been made [8–10]. In the strangeness sector, there are some studies done on the semileptonic decays of polarized
hyperons where the polarization and/or the angular correlations of the final leptons are analyzed to see the effect of
the SCC [11–18]. Theoretically, however, there are many attempts in the past where the strength of the SCC couplings
have been calculated in various models proposed for the nucleon structure [19–30]. Most of these studies have been
done assuming the validity of the time reversal invariance (TRI) which requires the strength of the SCC couplings
to be real as in the case of the first class currents [31–35]. However, if the strength of the SCC is assumed to be
described by a quantity which is complex or purely imaginary then it implies the violation of TRI leading to the time
reversal violating (TRV) observables [32–46]. In past, there have been some theoretical calculations to study the effect
of the SCC with or without assuming TRI in the (anti)neutrino scattering from the nucleons [36–48], and suggestions
to experimentally study these TRV observables in the ∆S = 0 sector [47–49] in the bubble chamber experiments at
CERN and FNAL. However, no attempts were made due to the difficulties associated with the measurements of these
observables in performing such experiments. Whereas, there are few experiments done to study SCC in (anti)neutrino
scattering in the ∆S = 0 sector assuming TRI [8–10], while there is one experiment in the ∆S = 1 sector done at
CERN [50] where the SCC have been studied in the (anti)neutrino scattering with as well as without assuming TRI.
In modern times, very intense neutrino and antineutrino beams are being used to do (anti)neutrino experiments
at various laboratories around the world with advanced detector technology [51–59]. These experiments are making
measurements of various observables i.e. the differential cross sections and the angular as well as the energy distri-
butions of the leptons and baryons produced in the final state. The results are interpreted using the standard model
(SM) of the electroweak interactions assuming the absence of the second class currents and the validity of TRI. It
seems to be the appropriate time to examine the feasibility of making measurements of those observables which enable
us to study the effect of the SCC with and without the assumption of TRI. The present work is done with the aim
of identifying the suitable observables in the quasielastic scattering of neutrinos and antineutrinos from the nucleons
where the effect of the SCC with or without TRI make important contributions and can be studied experimentally
in the near future.
Generally, the effect of the SCC is small in the differential cross sections and the angular as well as the energy
distributions of the final leptons and baryons produced in the νe(ν¯e) and νµ(ν¯µ) scattering off the nucleons. This is
because the leading order contributions of the second class currents to the differential cross sections, which arise due
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2to the interference of the first and second class currents, are linear in their coupling strengths, are either proportional
tom2l /M
2 (ml being the lepton mass and M is the nucleon mass) and/or ∆
2/M2 (∆ being the mass difference between
the initial and final baryons) and are, therefore, almost negligible in the reactions induced by νe(ν¯e) and νµ(ν¯µ) in the
∆S = 0 sector. The contributions which are independent ofm2l /M
2 and ∆2/M2 depend quadratically on the strength
of the SCC and are small unless the SCC couplings are enormously large [60, 61]. Moreover, their dependence on
the momentum transfer is O(Q2/M2) or higher and their contribution is quantitatively significant only at very high
Q2, where the differential cross sections become very small making it difficult to isolate the contribution of the SCC.
The situation is different in the case of the polarization observables of the leptons and baryons produced in the final
state where the leading order contributions linear in the strength of the SCC couplings also contain terms which are
independent of m2l /M
2 and ∆2/M2. Moreover, in the ∆S = 1 sector where hyperons are produced, the contributions
of ∆2/M2 terms are not negligible and could be important in favorable kinematics. In view of this, various calculations
on the polarization observables of muons and baryons produced in the final state of the (anti)neutrino and electron
induced weak processes have been done by many authors [32–48, 62–68]. Alternatively, in the case of the reactions
where τ leptons are produced, the terms proportional to m2l /M
2 become quite significant even in the absence of
the SCC. Motivated by these considerations some calculations of the polarization observables of the τ leptons have
been done recently in the weak processes induced by τ neutrinos [68–73]. The study of the Q2 dependence of the
polarization observables of the electrons and protons in the scattering of the polarized electrons on protons has played
an important role in determining the electromagnetic form factors of the nucleon [74, 75]. Similar studies of the
polarization observables in the weak sector of the ∆S = 0 and ∆S = 1 reactions where polarization of the muons and
baryons and their Q2 dependence made in the quasielastic and inelastic (anti)neutrino scattering from nucleons can
play crucial role in determining the weak transition form factors of nucleons.
In the case of the weak ∆S = 1 reactions corresponding to the hyperon production, i.e.
ν¯µ + p −→ µ+ + Λ(Σ0) (1)
ν¯µ + n −→ µ+ +Σ− (2)
the final hyperons decay predominantly into pions through two body weak decays like Λ(Σ0) −→ pπ− or nπ0, and
Σ− −→ nπ− and the asymmetry in the angular distribution of the pions with respect to a given direction (which
can be chosen to be the direction of the momentum of the hyperon, perpendicular to it or transverse to the reaction
plane) determines the polarization component of the hyperon in that direction. In the case of Σ0, which promptly
decays to Λ through the electromagnetic mode of decay, Σ0 −→ Λγ before the weak decay of Σ0 into pions pπ− or
nπ0, the pions coming from such Λ decays can be experimentally identified to come from Σ0 [50] and the asymmetries
can be determined. This makes the polarization measurements on the hyperon production relatively easier than the
polarization of the nucleon produced in ∆S = 0 reactions like
νµ + n −→ µ− + p (3)
ν¯µ + p −→ µ+ + n, (4)
where double scattering experiments with the final nucleons are required. Such double scattering experiments with
the nucleons produced in the neutrino and antineutrino scattering were proposed in the days of bubble chamber
experiments at CERN and FNAL by Block and his collaborators [47, 48] but were not done at that time. These
experiments are difficult and feasibility of doing them in future could be explored with the liquid argon time projection
chamber (LArTPC) detectors [51–54].
In view of the above discussion, we have in this work considered the quasielastic production of the nucleons and
hyperons induced by (anti)neutrinos and studied the effect of the SCC with and without TRI on the differential cross
sections and the polarization observables of the leptons and baryons in the final state. Similar studies have been
recently done by us in the weak quasielastic scattering induced by electrons on protons [65, 66].
In Section II, we describe the structure of the matrix elements for the reactions given in Eqs. (1)–(4) using the
SM with three flavors of quarks and discuss the form factors corresponding to the first and the SCC using the
implications of SU(3) symmetry. The hypothesis of the conserved vector current (CVC) for the vector currents and
the partially conserved axial vector current (PCAC) for the axial vector currents are assumed. In Section III, we
present the formalism for calculating the differential cross sections and the polarization observables of the final muons
and baryons in the presence of the SCC with and without TRI. In Section IV, we present and discuss our results
while the summary and conclusions are given in Section V.
3ν¯µ(k)
µ+(k′)
N (p)
X(p′)
W−(q = k − k′)
FIG. 1: Feynman diagram for the process ν¯µ(k) +N(p)→ µ
+(k′) +X(p′), where N(= p, n) and X(= n,Λ,Σ0,Σ−) represents
the initial nucleon and the final baryon respectively. The quantities in the bracket represent four momenta of the corresponding
particles.
II. MATRIX ELEMENT AND TRANSITION FORM FACTORS
A. Matrix element
The transition matrix element for the processes
νµ(k) + n(p) → µ−(k′) + p(p′), (5)
ν¯µ(k) + p(p) → µ+(k′) + n(p′), (6)
ν¯µ(k) + p(p) → µ+(k′) + Λ(p′), (7)
ν¯µ(k) + p(p) → µ+(k′) + Σ0(p′), (8)
ν¯µ(k) + n(p) → µ+(k′) + Σ−(p′), (9)
is written as
M = GF√
2
a lµJµ, (10)
where the quantities in the brackets of Eqs. (5)−(9) represent the four momenta of the particles, GF is the Fermi
coupling constant, a = cos θc for ∆S = 0 processes i.e. Eq. (5) and (6), a = sin θc for ∆S = 1 processes i.e. Eq. (7)–(9),
and θc (= 13.1
◦) is the Cabibbo mixing angle. The leptonic current lµ is given by
lµ = u¯(k′)γµ(1± γ5)u(k), (11)
where (+)− sign is for (anti)neutrino. The hadronic current Jµ is expressed as:
Jµ = u¯(p
′)Γµu(p) (12)
with
Γµ = Vµ −Aµ. (13)
The vector (Vµ) and the axial vector (Aµ) currents are given by [64, 65]:
〈X(p′)|Vµ|N(p)〉 = u¯(p′)
[
γµf
NX
1 (Q
2) + iσµν
qν
M +M ′
fNX2 (Q
2) +
2 qµ
M +M ′
fNX3 (Q
2)
]
u(p), (14)
and
〈X(p′)|Aµ|N(p)〉 = u¯(p′)
[
γµγ5g
NX
1 (Q
2) + iσµν
qν
M +M ′
γ5g
NX
2 (Q
2) +
2 qµ
M +M ′
gNX3 (Q
2)γ5
]
u(p), (15)
which is also expressed as
〈X(p′)|Aµ|N(p)〉 = u¯(p′)
[
γµγ5g
NX
1 (Q
2) +
(
∆
M +M ′
γµγ5 −
pµ + p
′
µ
M +M ′
γ5
)
gNX2 (Q
2)
+
2 qµ
M +M ′
gNX3 (Q
2)γ5
]
u(p), (16)
4where X represents a nucleon N(= n, p) or a hyperon Y (= Λ,Σ0 and Σ−), ∆ = M ′ −M with M and M ′ being
the masses of the initial and final baryons. qµ(= kµ − k′µ = p′µ − pµ) is the four momentum transfer with Q2 =
−q2, Q2 > 0. fNX1 (Q2), fNX2 (Q2) and fNX3 (Q2) are the vector, weak magnetic and induced scalar form factors and
gNX1 (Q
2),gNX2 (Q
2) and gNX3 (Q
2) are the axial vector, induced tensor (or weak electric) and induced pseudoscalar form
factors, respectively. Note the difference in the coefficients containing the mass terms appearing with the form factors
fNX3 (Q
2) and gNX3 (Q
2) from those defined in Ref. [65]. We also define here the matrix elements of the electromagnetic
current for protons and neutrons in terms of the electromagnetic form factors of the nucleons as
〈p(p′)|Jemµ |p(p)〉 = u¯(p′)
[
γµf
p
1 (Q
2) + iσµν
qν
2M
fp2 (Q
2)
]
u(p), (17)
〈n(p′)|Jemµ |n(p)〉 = u¯(p′)
[
γµf
n
1 (Q
2) + iσµν
qν
2M
fn2 (Q
2)
]
u(p), (18)
where fp,n1 (Q
2) and fp,n2 (Q
2) are, respectively, the Dirac and Pauli form factors for the proton and neutron.
B. Weak transition form factors
The weak transition form factors fNXi (Q
2) and gNXi (Q
2) for X = N(n, p) or Y = (Λ,Σ0 and Σ−) are determined
using Cabibbo theory for the electroweak interactions in the SM with three quark flavors. In this model, only two
constant couplings, f1(= 1) corresponding to the vector current and g1(= 1) corresponding to the axial vector current
occur in the matrix elements of the weak charged currents taken between u(d) and d(u) quarks which are considered as
point particles. In the case of the matrix elements taken between the nucleon and hyperon states which are composites
of three quarks bound by the strong interactions and have finite dimensions, the couplings are no longer constant
and acquire a Q2 dependence i.e. f1(Q
2) and g1(Q
2) known as the form factors. Moreover, there are additional form
factors which appear due to the finite dimensions of the nucleons and hyperons participating in the weak processes
and obey the symmetries of the strong interactions responsible for giving the nucleons and hyperons their finite size.
Using the general principles of Lorentz covariance, it is well known that the two additional terms f2(Q
2) and f3(Q
2)
in the vector sector and the two additional terms g2(Q
2) and g3(Q
2) in the axial vector sector appear in Eq. (14) and
(15). Weinberg [1] has introduced a classification scheme of these form factors under G-parity, a symmetry of the
strong interaction defined as the product of the charge conjugation (C) and rotation in the isospin space (I−space)
by 180◦ around y-axis which changes neutron into proton (charge symmetry) and is defined as
G = CeipiIy . (19)
The vector and axial vector currents of the SM transform under G-parity as
GVµG
−1 = V µ, GAµG
−1 = −Aµ. (20)
The vector and axial vector currents of the SM with form factors f1(Q
2) and g1(Q
2) transform as in Eq. (20) and are
termed as the first class currents. Out of the induced form factors, f2(Q
2) and g3(Q
2) also transform as in Eq. (20)
in their respective currents and are classified as the first class currents, while the form factors f3(Q
2) and g2(Q
2)
transform with opposite sign in their respective currents and are classified as the SCC. Since the SM has only first
class currents, terms with f1(Q
2) and g1(Q
2) form factors and the induced currents comprising of f2(Q
2) and g3(Q
2)
would contribute while the SCC form factors should vanish i.e.
f3(Q
2) = 0, (21)
g2(Q
2) = 0, (22)
if G-parity is a good quantum number of strong interactions.
In the ∆S = 0 sector, the violation of G-parity due to (u − d) mass difference or the intrinsic charge symmetry
violation of the strong interactions is very small, and the form factors f3(Q
2) and g2(Q
2) are expected to be very
small. Moreover, in the vector sector, the charged weak vector currents Vµ along with the isovector part of the
electromagnetic current (Jemµ ) is assumed to form an isotriplet. Therefore, the principle of the conservation of the
electromagnetic current, applied also to the weak currents, leads to the hypothesis of CVC and predicts f3(Q
2) = 0.
This also relates the weak form factors f1(Q
2) and f2(Q
2) to the isovector electromagnetic form factors of the nucleons.
However, in the axial vector sector there is no such constraint on the form factor g2(Q
2) and it could be non-vanishing
albeit small. It is because of this reason that most of the experiments in ∆S = 0 sector are analyzed for the search
of the SCC assuming f3(Q
2) = 0 with a non-vanishing g2(Q
2) which is found to be small [2–7, 60, 61].
5Theoretically, the values of g2(Q
2) (in the case of p − n transition) calculated in various models of the nucleon
structure are found to be very small [19–30]. Experimentally they are also found to be small and consistent with zero
with large uncertainties in the measurements. The old experimental results are summarized well by Holstein [2] and
Wilkinson [3, 4], while there are some new measurements of g2(Q
2) in nuclear β decay measurements [6, 7].
The general properties of the weak form factors consistent with the constraints due to the symmetry properties of
the weak hadronic currents are summarized as [32–34]:
(a) T invariance implies that all the form factors f1−3(Q
2) and g1−3(Q
2) are real.
(b) The assumption that the weak vector currents and its conjugate along with the isovector part of the electro-
magnetic current form an isotriplet implies that the weak vector form factors f1(Q
2) and f2(Q
2) are related to
the isovector electromagnetic form factors of the nucleon i.e. fnp1,2(Q
2) = fp1,2(Q
2)− fn1,2(Q2).
(c) The principle of CVC of the weak currents implies that f3(Q
2) = 0.
(d) The principle of G-invariance implies that f3(Q
2) = 0 and g2(Q
2) = 0.
(e) The hypothesis of PCAC relates the form factor g3(Q
2) to the form factor g1(Q
2) through the Goldberger-
Treiman (GT) relation.
Therefore, the form factor f3(Q
2) = 0 by the CVC and G-invariance. The form factor g2(Q
2) = 0 only in the
presence of G-invariance. In the case of G-noninvariance, g2(Q
2) is non-vanishing and if it is real, it preserves TRI
whereas if it is purely imaginary or complex, the SCC in the axial vector sector violate the TRI.
In the case of ∆S = 1 processes shown in Eqs. (7)–(9), while (a) above is always true, whereas (b) is replaced by
a more general relation between the ∆S = 1 vector form factors and the electromagnetic nucleon form factors in the
limit of exact SU(3) symmetry which is discussed below. The other properties (c)–(e) apply only in the limit of exact
SU(3) symmetry. However, SU(3) symmetry is known to be only an approximate symmetry due to the large mass
difference between u(d) and s quarks and explicit dynamical breaking of SU(3) symmetry leading to non-zero values
of f3(Q
2) and g2(Q
2). While f3(Q
2) is still constrained by the CVC, there is no such constraint for g2(Q
2) and it
could be large. Indeed some theoretical calculations find the value of |gpΛ2 /gpΛ1 | to be in the range of 0.2 to 0.5 [23, 24],
whereas others find a larger value [12, 15, 20, 21, 23, 24, 27, 28]. Experimentally some earlier analysis of semileptonic
hyperon decays (SHD) suggest larger values of g
pΛ(Σ)
2 and a latest experiment [14] reports |gΞΣ2 /fΞΣ1 | = −1.77 +2.1−2.0±0.5
which is consistent with zero within the large systematic uncertainties of the experiment [11, 14]. It should be noted
that most of these analyses are done assuming a real value of g2(Q
2). Moreover, the most extensive analysis of the
experimental data on ∆S = 1 SHD finds the effect of SU(3) symmetry breaking to be very small provided the physical
masses of the nucleons and the hyperons are used in the analysis [11]. In view of this, we calculate the form factors
corresponding to the first class currents i.e. f1(Q
2), f2(Q
2), g1(Q
2) and g3(Q
2) in a SU(3) symmetric analysis using
physical masses for the nucleons and hyperons and take f3(Q
2) = 0. For g2(Q
2), we take a numerical value guided
by some calculations done for g2(Q
2) in the quark model [23, 24, 28, 29] and its value used in earlier studies done on
the effect of the SCC and TRI in (anti)neutrino scattering [39–41].
C. SU(3) symmetry and the weak transition form factors
The weak vector (Vµ) and the axial vector (Aµ) currents corresponding to the ∆S = 0 and ∆S = 1 hadronic
currents whose matrix elements are defined between the states |N〉 and |X〉 in Eqs. (5)–(9) are assumed to belong to
the octet representation of the SU(3) and are defined as
V µi = q¯Fiγ
µq
Aµi = q¯Fiγ
µγ5q, (23)
where Fi =
λi
2 (i = 1 − 8) are the generators of flavor SU(3) and λis are the well known Gell-Mann matrices. The
generators of the SU(3) group Fi obey the following commutation and anticommutation algebra
[Fi, Fj ] = ifijkFk
{Fi, Fj} = 1
3
δij + dijkFk, i, j, k = 1− 8, (24)
where fijk and dijk are the structure constants, and are antisymmetric and symmetric, respectively, under the inter-
change of any two indices [76].
6The electromagnetic current (Jµem) and the weak vector (V
µ
± ) and the axial vector (A
µ
±) charged currents are defined
in terms of V µi and A
µ
i ; i = 1− 8, as
Jµem = V
µ
3 +
1√
3
V µ8 ,
V µ± = [V
µ
1 ± iV µ2 ] cosθc + [V µ4 ± iV µ5 ] sinθc,
Aµ± = [A
µ
1 ± iAµ2 ] cosθc + [Aµ4 ± iAµ5 ] sinθc. (25)
In the Cabibbo theory, isovector electromagnetic current Jµem along with the weak vector currents V
µ
± are assumed
to transform as an octet of vector currents under SU(3). Similarly, the axial vector currents are also assumed to
transform as an octet under SU(3). The form factors defined in the matrix element of an octet of the vector (axial
vector) currents taken between the octets of the initial and the final baryon states as defined in Eqs. (14)–(18)
can, therefore, be expressed in terms of the two couplings of the vector (axial vector) currents corresponding to the
symmetric and antisymmetric octets according to the decomposition:
8× 8 = 1 + 8S + 8A + 10 + 10 + 27 (26)
and the corresponding SU(3) Clebsch-Gordan coefficients. In general, the expression for the matrix element of the
transition between the two states of baryons (say Bi and Bk), through the SU(3) octet (Vj or Aj) of currents can be
written as [77]:
< Bi|Vj |Bk > = ifijkFV + dijkDV , (27)
< Bi|Aj |Bk > = ifijkFA + dijkDA. (28)
FV and DV are determined from the experimental data on the electromagnetic form factors, and FA and DA are
determined from the experimental data on the semileptonic decays of the nucleons and hyperons. Explicitly, the form
factors defined in Eqs. (14)–(16) can be expressed as
fi(Q
2) = aFVi (Q
2) + bDVi (Q
2) i = 1, 2, 3 (29)
gi(Q
2) = aFAi (Q
2) + bDAi (Q
2) i = 1, 2, 3 (30)
The Clebsch-Gordan coefficients a and b can be calculated for each transition, if we specify the quantum numbers
(|I, I3, Y 〉) of the initial and the final state and the current operators Vµ, Aµ and Jemµ in the octet representation. A
straightforward calculation of the various Clebsch-Gordan coefficients in the case of weak ∆S = 0, ∆S = 1 hadronic
currents and the electromagnetic currents (in the case of vector currents) gives the values of a and b which are obtained
using Eqs. (24), (25), (27) and (28) and are presented in Table I.
Interaction Transitions a b
Electromagnetic p→ p 1 1/3
Vector n→ n 0 -2/3
n→ p 1 1
Weak vector p→ Λ −
√
3
2
−
1√
6
and axial vector p→ Σ0 − 1√
2
1√
2
n→ Σ− −1 1
TABLE I: Values of the coefficients a and b given in Eqs. (29)−(30).
1. Vector form factors
In the case of the vector currents, the following equations are obtained for the electromagnetic form factors using
the values of a and b from Table I:
fp→pi (Q
2) = fpi (Q
2) = FVi (Q
2) +
1
3
DVi (Q
2) i = 1, 2 (31)
fn→ni (Q
2) = fni (Q
2) = −2
3
DVi (Q
2) i = 1, 2 (32)
7These equations are solved to determine FVi (Q
2) and DVi (Q
2) in terms of the electromagnetic form factors fp1,2(Q
2)
and fn1,2(Q
2) for the protons and neutrons. Once the functions FVi (Q
2) and DVi (Q
2) are determined, all the form
factors fNX1,2 (Q
2) for the transitions under consideration are determined with the help of the coefficients a and b given
in Table I. The expressions for the vector form factors in terms of the electromagnetic form factors fp1,2(Q
2) and
fn1,2(Q
2) for the various processes given in Eqs. (5)–(9) are given as
fnp1,2(Q
2) = fp1,2(Q
2)− fn1,2(Q2), (33)
fpΛ1,2(Q
2) = −
√
3
2
fp1,2(Q
2), (34)
fnΣ
−
1,2 (Q
2) = − [fp1,2(Q2) + 2fn1,2(Q2)] , (35)
fpΣ
0
1,2 (Q
2) = − 1√
2
[
fp1,2(Q
2) + 2fn1,2(Q
2)
]
. (36)
The electromagnetic form factors fp1,2(Q
2) and fn1,2(Q
2) are expressed in terms of the Sachs electric and magnetic
form factors Gp,nE (Q
2) and Gp,nM (Q
2) of the nucleons as
fp,n1 (Q
2) =
(
1 +
Q2
4M2
)−1 [
Gp,nE (Q
2) +
Q2
4M2
Gp,nM (Q
2)
]
, (37)
fp,n2 (Q
2) =
(
1 +
Q2
4M2
)−1 [
Gp,nM (Q
2)−Gp,nE (Q2)
]
. (38)
For Gp,nE (Q
2) and Gp,nM (Q
2) various parameterizations are available in the literature and in our numerical calculations,
we have used the parameterization given by Bradford et al. [78].
2. Axial vector form factors
The axial vector form factors gNXi (Q
2)(i = 1, 2, 3) are expressed in terms of the two functions FAi (Q
2) and DAi (Q
2)
corresponding to the asymmetric and symmetric couplings of the two octets. But we express the form factors gNXi (Q
2)
in terms of gi(Q
2) and xi(Q
2) which are defined as
gi(Q
2) = FAi (Q
2) +DAi (Q
2) = gnpi (Q
2) (39)
xi(Q
2) =
FAi (Q
2)
FAi (Q
2) +DAi (Q
2)
; i = 1− 3 (40)
and the expressions for the axial vector transition form factors for the various processes given in Eq. (5)–(9) are given
as:
gnp1,2,3(Q
2) = gnpA,2,3(Q
2), (41)
gpΛ1,2,3(Q
2) = − 1√
6
(1 + 2x1,2,3)g
np
A,2,3(Q
2), (42)
gnΣ
−
1,2,3(Q
2) = (1− 2x1,2,3)gnpA,2,3(Q2), (43)
gpΣ
0
1,2,3(Q
2) =
1√
2
(1− 2x1,2,3)gnpA,2,3(Q2). (44)
In the following we describe the explicit forms of the axial vector form factors used for calculating the numerical
results.
(a) Axial vector form factor gNX1 (Q
2): We note from Eq. (41), that gnp1 (Q
2) is the axial vector form factor for n→ p
transition which is determined experimentally from the quasielastic (anti)neutrino scattering from the nucleons
and is parameterized as
gnp1 (Q
2) = gnpA (Q
2) =
gA(0)(
1 + Q
2
M2
A
)2 , (45)
8with gA(0) = 1.267 [11] and MA = 1.026 GeV [79]. The parameter x1(Q
2) occurring in Eqs. (42)–(44) for
gNY1 (Q
2) (Y = Λ,Σ0,Σ−) is determined at low Q2 from the analysis of SHD and is found to be x1(Q
2 ≈ 0) =
0.364 [11]. There is no experimental information about the Q2 dependence of x1(Q
2), therefore, we assume it
to be constant i.e. x1(Q
2) ≈ x1(0) = 0.364 for convenience.
(b) Second class current form factor gNX2 (Q
2): The expression for gNY2 (Q
2) for Y (= Λ,Σ−,Σ0) are given in
Eqs. (42)–(44) in terms of gnp2 (Q
2) and x2(Q
2), where gnp2 (Q
2) is parameterized as
gnp2 (Q
2) =
gnp2 (0)(
1 + Q
2
M2
2
)2 , (46)
in analogy with gnp1 (Q
2) = gA(Q
2). There is some information on gnp2 (Q
2) from neutrino and antineutrino
scattering off the nucleons [8–10]. It is shown that the value of gnp2 (0) is correlated with the value of M2 used
in the analysis. There exists theoretical calculations for the Re gnp2 (0) and Re g
NY
2 (0) for Y = Λ,Σ
−,Σ0 using
quark models [23, 24, 28, 29]. There are also some older calculations of T violating effects in weak processes
where, phenomenologically, the values of Im gNX2 (Q
2) have been used in a large range of 1 < Im gpn2 (0) < 10,
like the works of Fearing et al. (Im gpn2 (0) = 1, 5, 10) [80], Berman and Veltman (Im g
pn
2 (0) = 3.71, 6) [39]
and Fujii and Yamaguchi (Im gpΛ2 (0) = 1.92) [41]. However, there is no information about x2(Q
2). In view
of this we vary the value of Re gnp2 (0) and Im g
np
2 (0) in the range of 0 − 3 to study the effect of the SCC in
(anti)neutrino scattering [39–41] and useM2 =MA. For the Q
2 dependence of the form factor i.e. gNY2 (Q
2), we
use the SU(3) symmetric expressions for gNY2 (Q
2) taken to be of dipole form given in Eq. (46) for the various
transitions given in Eqs. (42)–(44), in terms of gnp2 (Q
2) and x2(Q
2), treating x2(Q
2) to be constant and take
x2 = x1 for simplicity.
(c) The induced pseudoscalar form factor gNX3 (Q
2): We see from Eqs. (42)–(44), that gNY3 (Q
2) is determined in
terms of gnp3 (Q
2) and x3(Q
2) for Y = Λ, Σ0 and Σ−. In general, the contribution of gnp3 (Q
2) to the (anti)neutrino
scattering cross sections is proportional to m2l , where ml is the mass of the corresponding charged lepton, and
is very small. There is very little experimental information available about gnp3 (Q
2) at very small Q2 from the
muon capture experiments in the nucleons and nuclei [81]. This information is consistent with the prediction of
gnp3 (Q
2) obtained using the hypothesis of PCAC and GT relation [82] in the ∆S = 0 sector which is given as:
gnp3 (Q
2) =
2M2gnpA (Q
2)
m2pi +Q
2
. (47)
There is no information about x3(Q
2) from the analysis of the SHD due to the small contribution of gNY3 (Q
2).
In the absence of any information about x3(Q
2), we do not use SU(3) symmetric expressions for gNY3 (Q
2) given
in Eqs. (42)–(44). Instead we use the expression for gNY3 (Q
2) using the generalized PCAC and GT relation [82]
for the ∆S = 1 currents given by Nambu [83], i.e.
gNY3 (Q
2) =
(M +MY )
2
2(m2K +Q
2)
gNY1 (Q
2), (48)
where mK is the mass of kaon and g
NY
1 (Q
2) is given in Eqs. (42)–(44), for Y = Λ,Σ−,Σ0.
III. CROSS SECTION AND THE POLARIZATION OBSERVABLES
A. Cross section
The general expression of the differential cross section for the processes (5)−(9), in the laboratory frame, is written
as
dσ =
1
(2π)2
1
4MEν
δ4(k + p− k′ − p′) d
3k′
2Ek′
d3p′
2Ep′
∑∑
|M|2, (49)
where Eν = (Eν¯µ)Eνµ is the incoming (anti)neutrino energy. The transition matrix element squared is defined as:
∑∑
|M|2 = G
2
F a
2
2
J µνLµν , (50)
9where the hadronic and the leptonic tensors are obtained using Eqs. (11) and (12) as
Jµν =
∑∑
JµJ
†
ν =
1
2
Tr
[
Λ(p′)ΓµΛ(p)Γ˜ν
]
, (51)
Lµν =
∑∑
lµl
†
ν = Tr [γ
µ(1± γ5)Λ(k′)γν(1± γ5)Λ(k) ] , (52)
with Γ˜ν = γ
0Γ†νγ
0 and the expression for Γν is given in Eq. (13). The spin
1
2 projection operator Λ(P ) for momentum
P = k, k′, p, p′ corresponding to the initial and the final baryons and the leptons are given by
Λ(P ) = (P/ +MP ), (53)
where MP is the mass of the particle with momentum P .
Following the above definitions, the differential scattering cross section dσ/dQ2 for the processes given in Eq. (5)–(9)
is written as
dσ
dQ2
=
G2F a
2
8πM2E2ν
N(Q2), (54)
where N(Q2) = J µνLµν and the expression of N(Q2) is given in the Appendix-I. The expression of N(Q2) is
consistent with the expression given by Llewellyn Smith [34] in the limit M ′ =M and g2(Q
2) = 0. In this limit, it is
also consistent with Bilenky and Christova [62].
B. Polarization of the final baryon
Using the covariant density matrix formalism, the polarization 4-vector(ξτ) of the baryon produced in the final
state in reactions (5)−(9) is written as [84]:
ξτ =
Tr[γτγ5 ρf (p
′)]
Tr[ρf (p′)]
, (55)
where the spin density matrix ρf (p
′) corresponding to the final baryon of momentum p′ is given by
ρf (p
′) = Lαβ Tr[Λ(p′)ΓαΛ(p)Γ˜βΛ(p′)]. (56)
In the above expression, Λ(p) and Γα are given in Eqs. (53) and (13) respectively. Using the following relations:
Λ(p′)γτγ5Λ(p
′) = 2M ′
(
gτσ − p
′τp′σ
M ′2
)
Λ(p′)γσγ5 (57)
and
Λ(p′)Λ(p′) = 2M ′Λ(p′), (58)
ξτ defined in Eq. (55) may be rewritten after some algebra as
ξτ =
(
gτσ − p
′τp′σ
M ′2
) LαβTr [γσγ5Λ(p′)ΓαΛ(p)Γ˜β]
LαβTr
[
Λ(p′)ΓαΛ(p)Γ˜β
] . (59)
Note that in Eq. (59), ξτ is manifestly orthogonal to p′τ , i.e. p′ · ξ = 0. Moreover, the denominator is directly related
to the differential cross section given in Eq. (54).
With J αβ and Lαβ given in Eqs. (51) and (52), respectively, an expression for ξτ is obtained. In the laboratory
frame where the initial nucleon is at rest, the polarization vector ~ξ for the final baryon is calculated to be a function
of 3-momenta of incoming antineutrino (~k) and outgoing baryon (~p ′), and is given as
~ξ =
[
Ah(Q2)~k +Bh(Q2)~p ′ + Ch(Q2)M(~k × ~p ′)
]
, (60)
where the expressions of Ah(Q2), Bh(Q2) and Ch(Q2) are given in the Appendix-I.
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We now expand the polarization vector ~ξ along the orthogonal directions, eˆhL, eˆ
h
P and eˆ
h
T in the reaction plane
corresponding to the longitudinal, perpendicular and transverse directions, defined as
eˆhL =
~p ′
|~p ′| , eˆ
h
P = eˆ
h
L × eˆhT , where eˆhT =
~p ′ × ~k
|~p ′ × ~k|
, (61)
and have depicted in Fig. 2. We then write ~ξ as:
~ξ = ξLeˆ
h
L + ξP eˆ
h
P + ξT eˆ
h
T , (62)
such that the longitudinal, perpendicular and transverse components of the polarization vector (~ξ) in the laboratory
frame are given by
ξL(Q
2) = ~ξ · eˆhL, ξP (Q2) = ~ξ · eˆhP , ξT (Q2) = ~ξ · eˆhT . (63)
From Eq. (63), the longitudinal P hL(Q
2), perpendicular P hP (Q
2) and transverse P hT (Q
2) components of the polarization
vector defined in the rest frame of the initial nucleon are given by
P hL(Q
2) =
M ′
Ep′
ξL(Q
2), P hP (Q
2) = ξP (Q
2), P hT (Q
2) = ξT (Q
2), (64)
where M
′
Ep′
is the Lorentz boost factor along ~p ′. With the help of Eqs. (60), (61), (63) and (64), the longitudinal
P hL(Q
2), perpendicular P hP (Q
2) and transverse P hT (Q
2) components are calculated to be
P hL(Q
2) =
M ′
Ep′
Ah(Q2)~k.~p ′ +Bh(Q2)|~p ′|2
N(Q2) |~p ′| , (65)
P hP (Q
2) =
Ah(Q2)[(~k.~p ′)2 − |~k|2|~p ′|2]
N(Q2) |~p ′| |~p ′ × ~k|
, (66)
P hT (Q
2) =
Ch(Q2)M [(~k.~p ′)2 − |~k|2|~p ′|2]
N(Q2) |~p ′ × ~k|
, (67)
which are consistent with the expressions of the components of polarization given by Erriquez et al. [50] except for
a change in sign in one of the terms in P hP (Q
2). The above expressions for P hL(Q
2) and P hP (Q
2) are also consistent
with the expressions given by Bilenky and Christova [62] in the limit M ′ =M and g2(0) = g3(Q
2) = 0.
If the T invariance is assumed then all the vector and the axial vector form factors are real and the expression for
Ch(Q2) vanishes which implies that the transverse component of the polarization perpendicular to the production
plane, P hT (Q
2) vanishes.
C. Polarization of the final lepton
Instead of the final baryon polarization if one assumes the final lepton to be polarized, then the polarization
4-vector(ζτ) in reaction (5)–(9) is written as
ζτ =
Tr[γτγ5 ρf (k
′)]
Tr[ρf (k′)]
, (68)
and the spin density matrix for the final lepton ρf (k
′) is given by
ρf (k
′) = J αβ Tr[Λ(k′)γα(1± γ5)Λ(k)γ˜β(1± γ˜5)Λ(k′)], (69)
with γ˜α = γ
0γ†αγ
0 and γ˜5 = γ
0γ†5γ
0.
Using Eqs. (57) and (58), ζτ defined in Eq. (68) may also be rewritten as
ζτ =
(
gτσ − k
′τk′σ
m2µ
) J αβTr [γσγ5Λ(k′)γα(1± γ5)Λ(k)γ˜β(1± γ˜5)]
J αβTr [Λ(k′)γα(1± γ5)Λ(k)γ˜β(1± γ˜5)] , (70)
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l
Leˆ
l
T
eˆlP
(a) (c)(b)
FIG. 2: (a) Momentum and polarization directions of the final baryon and the lepton. eˆh,lL , eˆ
h,l
P and eˆ
h,l
T represent the orthogonal
unit vectors corresponding to the longitudinal, perpendicular and transverse directions with respect to the momentum of the
final baryon in (b) and the final lepton in (c).
where mµ is the mass of the muon. In Eq. (70), the denominator is directly related to the differential cross section
given in Eq. (54).
With J αβ and Lαβ given in Eqs. (51) and (52), respectively, an expression for ζτ is obtained. In the laboratory
frame where the initial nucleon is at rest, the polarization vector ~ζ is calculated to be a function of 3-momenta of
incoming antineutrino (~k) and outgoing lepton (~k ′), and is given as
~ζ =
[
Al(Q2)~k +Bl(Q2)~k ′ + Cl(Q2)M(~k × ~k ′)
]
, (71)
where the expressions of Al(Q2), Bl(Q2) and Cl(Q2) are given in the Appendix-II.
One may expand the polarization vector ~ζ along the orthogonal directions, eˆlL, eˆ
l
P and eˆ
l
T in the reaction plane
corresponding to the longitudinal, perpendicular and transverse directions, defined as
eˆlL =
~k ′
|~k ′|
, eˆlP = eˆ
l
L × eˆlT , where eˆlT =
~k × ~k ′
|~k × ~k ′|
, (72)
and depicted in Fig. 2. We then write ~ζ as:
~ζ = ζLeˆ
l
L + ζP eˆ
l
P + ζT eˆ
l
T , (73)
such that the longitudinal, perpendicular and transverse components of the ~ζ in the laboratory frame are given by
ζL(Q
2) = ~ζ · eˆlL, ζP (Q2) = ~ζ · eˆlP , ζT (Q2) = ~ζ · eˆlT . (74)
From Eq. (74), the longitudinal P lL(Q
2), perpendicular P lP (Q
2) and transverse P lT (Q
2) components of the polarization
vector defined in the rest frame of the initial nucleon are given by
P lL(Q
2) =
mµ
Ek′
ζL(Q
2), P lP (Q
2) = ζP (Q
2), P lT (Q
2) = ζT (Q
2), (75)
where
mµ
Ek′
is the Lorentz boost factor along ~k ′. Using Eqs. (71), (72) and (74) in Eq. (75), the longitudinal P lL(Q
2),
perpendicular P lP (Q
2) and transverse P lT (Q
2) components are calculated to be
P lL(Q
2) =
mµ
Ek′
Al(Q2)~k.~k ′ +Bl(Q2)|~k ′|2
N(Q2) |~k ′|
, (76)
P lP (Q
2) =
Al(Q2)[|~k|2|~k ′|2 − (~k.~k ′)2]
N(Q2) |~k ′| |~k × ~k ′|
, (77)
P lT (Q
2) =
Cl(Q2)M [(~k.~k ′)2 − |~k|2|~k ′|2]
N(Q2) |~k × ~k ′|
. (78)
12
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
0
20
40
60
80
100
120
140
σ
 
(1
0-
4
0
 
c
m
2
)
g2
R
 (0) = 0
g2
R
 (0) = 1
g2
R
 (0) = 3
g2
R
 (0) = - 1
g2
R
 (0) = - 3
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
-1
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
P
L
p
 
(E
ν
µ
)
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
-0.8
-0.6
-0.4
-0.2
0
P
P
p
 
(E
ν
µ
)
FIG. 3: σ vs. Eνµ (left panel) for the process νµ + n→ µ
− + p, P
p
L(Eνµ) vs. Eνµ (middle panel) and P
p
P (Eνµ) vs. Eνµ (right
panel), for the polarized proton in the final state, at the different values of gR2 (0) viz. g
R
2 (0) = 0 (solid line), 1 (dashed line),
3 (dashed-dotted line), −1 (double-dotted-dashed line) and −3 (double-dashed-dotted line).
IV. RESULTS AND DISCUSSION
We have used Eq. (54) to numerically evaluate the differential cross section dσ/dQ2, Eqs. (65), (66) and (67) to
evaluate the longitudinal P hL(Q
2), perpendicular P hP (Q
2) and transverse P hT (Q
2) components of the polarization of the
final baryon and Eqs. (76), (77) and (78) to evaluate the longitudinal P lL(Q
2), perpendicular P lP (Q
2) and transverse
P lT (Q
2) components of polarization of the final lepton. The Dirac and Pauli form factors fN1,2(Q
2); (N = p, n) are
expressed in terms of the electric and magnetic Sachs’ form factors, for which the parameterization given by Bradford
et al. [78] have been used. Using the SU(3) symmetry, the axial vector form factors, gNX1 (Q
2) and gNX2 (Q
2) are
expressed in terms of gnpA (Q
2) and gnp2 (Q
2). For gnpA (Q
2) and gnp2 (Q
2), dipole parameterizations have been used as
written in Eqs. (45) and (46) with MA = 1.026 GeV and M2 = MA. For g
np
3 (Q
2), PCAC along with GT relation
has been used and for gNY3 (Q
2), the generalized PCAC along with GT relation given by Nambu [83] has been used
to relate them, respectively, with gnp1 (Q
2) and gNY1 (Q
2) as shown in Eqs. (47) and (48). To study the dependence
of the cross section σ(Eνµ(ν¯µ)) and the polarization observables P
h,l
L (Eνµ(ν¯µ)), P
h,l
P (Eνµ(ν¯µ)) and P
h,l
T (Eνµ(ν¯µ)) of the
hadrons (h = n, p,Λ,Σ0,Σ−) and the leptons (l = µ±) on the (anti)neutrino’s energy Eνµ(ν¯µ), we have integrated
dσ/dQ2, P h,lL (Q
2), P h,lP (Q
2) and P h,lT (Q
2) over Q2 and obtained the expressions for σ(Eνµ(ν¯µ)) and P
h,l
L,P,T (Eνµ(ν¯µ))
as:
σ(Eνµ(ν¯µ)) =
∫ Q2max
Q2min
dσ
dQ2
dQ2, (79)
and
P
h,l
L,P,T (Eνµ(ν¯µ)) =
∫ Q2max
Q2min
P h,lL,P,T (Q
2) dσ
dQ2
dQ2∫ Q2max
Q2min
dσ
dQ2
dQ2
. (80)
In Fig. 3, the numerical results are presented for the total cross sections σ(Eνµ ) for the process νµ + n → µ− + p
and the average polarizations P
p
L(Eνµ) and P
p
P (Eνµ) for the outgoing proton as a function of neutrino energy for the
various values of gnp2 (0) taking it to be real i.e. g
np
2 (0) = |gR2 (0)| = 0, 1 and 3. We find that σ(Eνµ ) increases with the
neutrino energy for all values of gR2 (0). In the case of g
R
2 (0) 6= 0, there is a further enhancement in the cross section
which increases with gR2 (0) and the increase is significant only when |gR2 (0)| ≥ 1. The increase in σ(Eνµ ) is almost
the same for the positive as well as the negative values of gR2 (0). However, the average values of the longitudinal and
perpendicular components of the polarization P¯ pL(Eνµ ) and P¯
p
P (Eνµ ) are negative for all the values of |gR2 (0)| in the
range 0− 3 in the entire energy range of Eνµ considered here. The absolute value of P
p
L(Eνµ ) shows similar trend for
the positive as well as the negative values of gR2 (0), i.e. it decreases with the increase in energy. The absolute value
of P
p
P (Eνµ) decreases with energy for g
R
2 (0) > 0 and increases for g
R
2 (0) ≤ 0.
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FIG. 4: σ vs. Eνµ (upper left panel) for the process νµ + n→ µ
− + p, P
p
L(Eνµ) vs. Eνµ (upper right panel), P
p
P (Eνµ) vs. Eνµ
(lower left panel) and P
p
T (Eνµ) vs. Eνµ (lower right panel), for the polarized proton in the final state, at the different values
of gI2(0) viz. g
I
2(0) = 0 (solid line), 1 (dashed line) and 3 (dashed-dotted line).
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FIG. 5: σ vs. Eν¯µ (left panel) for the process ν¯µ + p→ µ
+ + n, P
n
L(Eν¯µ) vs. Eν¯µ (middle panel) and P
n
P (Eν¯µ) vs. Eν¯µ (right
panel), for the polarized neutron in the final state. Lines and points have the same meaning as in Fig. 3.
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− + p at the different values of gR,I2 (0) viz.
gR,I2 (0) = 0 (solid line), 1 (dashed line), 3 (dashed-dotted line), −1 (double-dotted-dashed line) and −3 (double-dashed-dotted
line).
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
0
0.05
0.1
0.15
0.2
P
P
µ
+
 
(E
ν
µ
)
g2
R
 (0) = 0
g2
R
 (0) = 1
g2
R
 (0) = 3
g2
R
 (0) = - 1
g2
R
 (0) = - 3 
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
0
0.05
0.1
P
P
µ
+
 
(E
ν
µ
)
g2
I
 (0) = 0
g2
I
 (0) = 1
g2
I
 (0) = 3
0 0.5 1 1.5 2 2.5 3
E
νµ
 (GeV)
-0.1
-0.08
-0.06
-0.04
-0.02
0
P
T
µ
+
 
(E
ν
µ
)
g2
I
 (0) = 0
g2
I
 (0) = 1
g2
I
 (0) = 3
FIG. 9: P
µ+
P (Eν¯µ) vs. Eν¯µ for the real values of g
np
2 (0) (left panel), P
µ+
P (Eν¯µ) vs. Eν¯µ for the imaginary values of g
np
2 (0)
(middle panel) and P
µ+
T (Eν¯µ) vs. Eν¯µ (right panel) for the process ν¯µ + p→ µ
+ + n. Lines and points have the same meaning
as in Fig. 8.
In Fig. 4, we present the results for σ(Eνµ ) and PL,P,T (Eνµ) as a function of neutrino energy Eνµ for the various
values of gnp2 (0) taken to be purely imaginary i.e. g
np
2 (0) = g
I
2(0)= 0, 1 and 3. We find that the value of σ(Eνµ )
increases with energy for all values of gI2(0). The effect of g
I
2(0) 6= 0 is to further increase the cross section and the
increase is significant only for |gI2(0)| ≥ 1. The longitudinal P
p
L(Eνµ) and perpendicular P
p
P (Eνµ) components of the
proton polarization are negative and their absolute values decrease with the increase in gI2(0) ≥ 0. The results for
P
p
L(Eνµ) and P
p
P (Eνµ) remain unchanged when the negative values of g
I
2(0) are taken as they depend on Re g2(Q
2)
and |g2(Q2)|2 (see Eq. (81) and(85)). The transverse component of the proton polarization which violates TRI is now
non-vanishing and is positive for gI2(0) ≥ 0 and increases with energy. Even for gI2(0) = 1, it could be ∼ 10% for
Eνµ ∼ 1 GeV and becomes larger for gI2(0) ≥ 1. In the case of gI2(0) < 0, the transverse component of the polarization
P
p
T (Eνµ ) just changes sign but the magnitude remains the same, and therefore, the results have not been depicted in
the figures.
The results for the total cross section for the reaction ν¯µ + p → µ+ + n, and the various components of the
polarization for the neutron are presented in Fig. 5 for gR2 (0) by taking the different values of g
R
2 (0) viz. 0, ±1 and
±3. We see that with the increase in the value of |gR2 (0)|, the total cross section σ(Eν¯µ ) increases with energy for all
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FIG. 10: σ vs. Eν¯µ (left panel) for the process ν¯µ + p→ µ
+ + Λ, P
Λ
L(Eν¯µ) vs. Eν¯µ (middle panel) and P
Λ
P (Eν¯µ) vs. Eν¯µ (right
panel), for the polarized lambda in the final state. Lines and points have the same meaning as in Fig. 3.
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FIG. 15: dσ/dQ2 for the process ν¯µ + p→ µ
+ + Λ at the different values of the incoming antineutrino energy, Eν¯µ =
0.7 GeV (left panel), 1 GeV (middle panel) and 3 GeV (right panel). The upper panel represents the results with gR2 (0)
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FIG. 16: PΛL (Q
2) vs. Q2 (upper panel) and PΛP (Q
2) vs. Q2 (lower panel) for the process ν¯µ + p→ µ
+ + Λ at the different
values of the incoming antineutrino energy, Eν¯µ = 0.7 GeV (left panel), 1 GeV (middle panel) and 3 GeV (right panel). Lines
and points have the same meaning as in Fig. 3.
values of gR2 (0). In the case of g
R
2 (0) 6= 0, there is further increase in the cross section which is almost the same for
gR2 (0) > 0 and g
R
2 (0) < 0. The longitudinal component of the polarization P
n
L(Eν¯µ ) is positive for the smaller values
of energy (Eν¯µ < 0.3 GeV) and then becomes negative for all values of g
R
2 (0). In the case of non-zero values of g
R
2 (0),
the absolute value of P
n
L(Eν¯µ) increases with the energy and the increase is more (less) for the positive (negative)
values of gR2 (0) as compared to g
R
2 (0) = 0. In the case of the perpendicular component of the polarization, P
n
P (Eν¯µ )
is always negative and its absolute value increases with energy at low energies Eν¯µ ≤ 0.3 GeV and then decreases
with energy for all gR2 (0). In the case of non-zero values of g
R
2 (0), the absolute value of P
n
P (Eν¯µ ) still decreases but
the decrease is more (less) for positive (negative) values of gR2 (0) as compared to g
R
2 (0) = 0.
In Fig. 6, we have shown the results for σ(Eν¯µ ) and P
n
L,P,T (Eν¯µ ) for various values of g
np
2 (0) taken to be purely
imaginary i.e. gI2(0) = 0, 1 and 3. The results for σ(Eν¯µ ), P
n
L(Eν¯µ) and P
n
P (Eν¯µ) are qualitatively similar to Fig. 5.
The average value of the transverse component of the polarization P
n
T (Eν¯µ ) is non-zero and qualitatively similar to
the case of P
p
T (Eνµ ) for proton shown in Fig. 4.
We notice from Figs. 3–6 that the results for σ(Eνµ(ν¯µ)) increases in the presence of the SCC with (without) TRI
i.e. gR2 (0)(g
I
2(0)) 6= 0. The increase is almost the same for the real as well as the imaginary values of g2(0). It is also
well known that with the increase in the value of the axial dipole mass MA, the cross section increases. For example,
with 20% increase in the value of MA, i.e. from 1 GeV to 1.2 GeV, the cross section increases by about 20%. A
higher value of MA from the world average value (i.e. MA = 1.026 GeV) is suggested from (anti)neutrino scattering
experiments in the higher energy region [85, 86]. It is, therefore, possible that a non-zero value of gR2 (0) and/or g
I
2(0)
i.e. the existence of the SCC with or without TRI may lead to a smaller value of MA. Keeping this in mind, in Fig. 7,
we have studied the dependence of the cross section on MA with or without the presence of g
R
2 (0) or g
I
2(0). It may be
observed from the figure that, in the case of neutrino induced process i.e. νµ + n→ µ− + p, the results obtained by
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FIG. 17: PΛL (Q
2) vs. Q2 (upper panel), PΛP (Q
2) vs. Q2 (middle panel) and PΛT (Q
2) vs. Q2 (lower panel) for the process
ν¯µ + p→ µ
+ + Λ at the different values of the incoming antineutrino energy, Eν¯µ = 0.7 GeV (left panel), 1 GeV (middle panel)
and 3 GeV (right panel). Lines and points have the same meaning as in Fig. 4.
taking MA = 1.1 GeV and g
R
2 (0) = 0 are comparable to the results obtained with MA = 1.026 GeV and g
R
2 (0) = 2,
whereas the results obtained by taking MA = 1.2 GeV and g
R
2 (0) = 0 are comparable to the results obtained using
MA = 1.026 GeV and g
R
2 (0) = 3. While in the case of antineutrino induced process i.e. ν¯µ + p→ µ+ + n, the results
obtained by taking MA = 1.1 GeV and g
R
2 (0) = 0 are comparable to the results obtained with MA = 1.026 GeV and
gR2 (0) = 1 whereas the results obtained by taking MA = 1.2 GeV and g
R
2 (0) = 0 are slightly lower than the results
obtained using MA = 1.026 GeV and g
R
2 (0) = 2. Thus, a higher value of σ(Eν¯µ ) may be obtained by either taking
a non-zero value of gnp2 (0) or increasing the value of MA. Furthermore, the cross section measurements may give
information only about the non-zero value of gnp2 (0) irrespective of the nature of the SCC current i.e. with or without
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TRI. One may obtain the nature of the SCC by measuring the polarization observables which gives different results
with real and imaginary values of gnp2 (0) corresponding to the SCC with or without TRI.
In Fig. 8, we have presented the results for the perpendicular and the transverse components of the polarization
of the muon produced in the reaction νµ + n→ µ− + p for the real as well as the imaginary value of gnp2 (0). Since
the relativistic muons are known to be longitudinal, therefore, we have presented the results only for P
µ
P (Eνµ ) and
P
µ
T (Eνµ ). We find that P
µ
P (Eνµ ) is less sensitive to the values of g
R
2 (0) as well g
I
2(0) unless |gR2 (0)| > 1. The transverse
component of the polarization P
µ
T (Eνµ ) is mildly sensitive to g
I
2(0), and the sensitivity increases with the increase in
gI2(0).
Similarly in Fig. 9, we have presented the results for the perpendicular and the transverse components of polarization
of the muon produced in the reaction ν¯µ + p→ µ+ + n for the real as well as the imaginary values of gnp2 (0). We
find that in the case of real gnp2 (0), P
µ
P (Eν¯µ) shows appreciable sensitivity towards g
R
2 (0). The results for the positive
(negative) values of gR2 (0) are less (more) as compared to the results obtained with g
R
2 (0) = 0. In the case of imaginary
gnp2 (0), the perpendicular component of polarization is not very sensitive to g
I
2(0), whereas the transverse component
of polarization is sensitive to gI2(0), and the sensitivity increases with the increase in g
I
2(0).
In Fig. 10, we have presented the results for the total cross section σ(Eν¯µ) for the process ν¯µ + p→ µ+ + Λ, and
the average polarizations P
Λ
L(Eν¯µ ) and P
Λ
P (Eν¯µ ) as a function of Eν¯µ for the polarized Λ at the different values of
gR2 (0) = 0, ±1 and ±3 and in Fig. 11, the results for the total cross section σ(Eν¯µ ), and the average polarizations
P
Λ
L(Eν¯µ), P
Λ
P (Eν¯µ) and P
Λ
T (Eν¯µ ) are presented for the different values of g
I
2(0) = 0, 1 and 3. We see that the results
for P
Λ
L,P,T (Eν¯µ) are qualitatively similar to the results for neutron in the reaction ν¯µ + p→ µ+ + n but quantitatively
they are smaller. However, in the case of the total cross section, unlike the neutron production cross section in the
reaction ν¯µ + p −→ µ+ + n, we find that the positive and negative values of gR2 (0) give different values of the total
cross section σ(Eν¯µ ). The results with g
R
2 (0) < 0 are higher than the results obtained with g
R
2 (0) > 0.
Similarly, in Figs. 12 and 13, we present the results for σ(Eν¯µ) for the reaction ν¯µ + p→ µ+ +Σ− and P
Σ−
L,P,T (Eν¯µ )
for the polarized Σ− in the final state for |gR2 (0)| and gI2(0) in the range 0 − 3. We see that while the results for
σ(Eν¯µ ) are qualitatively similar to the results for Λ production in the reaction ν¯µ + p→ µ+ + Λ, the results for
P
Σ−
L,P,T (Eν¯µ ) are qualitatively different from the results for P
Λ
L,P,T (Eν¯µ). It should be noted that results for σ
Σ0(Eν¯µ )
and P
Σ0
L,P,T (Eν¯µ) in the reaction ν¯µ + p→ µ+ +Σ0 will be similar to Σ− production due to the SU(3) Clebsch Gordan
coefficients shown in Table I, and the numerical results for this reaction are not presented here.
In Fig. 14, we present the results for the perpendicular and transverse polarization of muons for the various values
of gR2 (0) and g
I
2(0) in the case of Λ production. We see that while P
µ
P (Eν¯µ) is not very sensitive to the value of g
R
2 (0)
and gI2(0) unless the value of g
R
2 (0) is much greater than one i.e. g
R
2 (0) ≥ 1. However, the transverse component of
the polarization P
µ
T (Eν¯µ ) is sensitive to the numerical value of g
I
2(0).
As discussed in the introduction, the hyperons (Λ,Σ0,Σ−) produced in the reactions given in Eq. (1) and (2) are the
most appropriate candidates for doing the polarization measurements as they are self analyzer of their polarization
through the measurement of the asymmetry of the angular distribution of the pions as their decay product. Out of the
Λ,Σ0 and Σ− hyperons, Λ production cross sections are the largest. Therefore, we have studied the Q2 dependence of
the cross section (dσ/dQ2) and the polarization components PL,P,T (Q
2) for various antineutrino energies and present
the numerical results in the following.
In Fig. 15, we have presented the results for the dσ/dQ2 for the process ν¯µ + p −→ µ+ + Λ at the different values
of the antineutrino energies, viz. Eν¯µ = 0.7, 1 and 3 GeV by varying |gR2 (0)| as well as gI2(0) in the range 0− 3. We
find that the dσ/dQ2 is not very sensitive to the presence of SCC.
For the reaction ν¯µ + p→ µ+ + Λ, we have presented the results for PL(Q2) and PP (Q2) as a function of Q2 in
Fig. 16. The results are presented for the polarization components using gR2 (0) = 0, ±1 and ±3 at the different values
of Eν¯µ = 0.7, 1 and 3 GeV. We find that PL(Q
2) shows large variations as we change |gR2 (0)| from 0 to 3 at low
antineutrino energies, Eν¯µ (say 0.7 GeV) in comparison to the higher energies (say 3 GeV). For example, in the peak
region of Q2, the difference is 80% at Eνµ = 0.7 GeV and it is 50% at Eνµ = 3 GeV as |gR2 (0)| is changed from 0 to
3. In the case of PP (Q
2) also, the Q2 dependence is quite strong and similar to PL(Q
2).
In Fig. 17, the results are presented for PL(Q
2), PP (Q
2) and PT (Q
2) as a function of Q2 using gI2(0) = 0, 1 and 3 at
the different values of Eν¯µ = 0.7, 1 and 3 GeV. We see that while PL(Q
2) is less sensitive to gI2(0) at low antineutrino
energies, the sensitivity increases at higher antineutrino energies. PP (Q
2) is sensitive to gI2(0) in the antineutrino
energy range 0.7 − 3 GeV and the difference increases with the increase in antineutrino energy as gI2(0) increases
from 0 to 3. Moreover, PT (Q
2) is sensitive to gI2(0) at all antineutrino energies. PT (Q
2) shows 25%, 40% and 50%
variations at Q2 = 0.25, 0.4 and 1 GeV2 at Eν¯µ = 0.7, 1 and 3 GeV, respectively, when g
I
2(0) is varied from 0 to 3.
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V. SUMMARY AND CONCLUSIONS
We have studied in this work the quasielastic scattering of neutrinos and antineutrinos from nucleons induced
by the weak charged currents in the ∆S = 0 and ∆S = 1 sectors in the presence of the SCC with and without
assuming the validity of TRI. The effect of the SCC has been studied on the total cross section σ(Eνµ(ν¯µ)) and the
average polarization components of the leptons (l = muon) and the baryons (h = n, p,Λ,Σ0,Σ−) in the longitudinal,
perpendicular and transverse P
l,h
L,P,T (Eνµ(ν¯µ)) components of these particles produced in the final state. In the case
of the quasielastic production of Λ hyperons by the antineutrinos which is the most suitable candidate for measuring
the polarization observables of the hyperons, we have also studied the Q2 dependence of the polarization components
PΛL,P,T (Q
2) and the differential cross sections dσ/dQ2.
The standard parameterizations of the electroweak form factors for the first class vector and axial vector currents
in the ∆S = 0 sector using the hypothesis of CVC and PCAC have been used for the numerical calculations. For the
form factors corresponding to the SCC, the induced scalar form factor fnp3 (Q
2) is assumed to be zero. The induced
tensor form factor gnp2 (Q
2) is parameterized in the dipole form with gnp2 (0) taken to be either purely real or purely
imaginary with M2 =MA. A purely real (imaginary) value of g
np
2 (0) implies the presence of the SCC with (without)
TRI.
In the ∆S = 1 sector, the electroweak form factors for the nucleon-hyperon transition corresponding to the first
class vector and axial vector currents fNY1 (Q
2), fNY2 (Q
2) and gNY1 (Q
2) for Y = Λ,Σ0,Σ− have been calculated,
respectively, in terms of the electroweak form factors of the nucleon and the parameters defined by the analysis
of SHD using SU(3) symmetry. In the case of the induced pseudoscalar form factor gNY3 (Q
2) (Y = Λ,Σ0,Σ−), a
generalized GT relation given by Nambu [83] has been used to relate it to gNY1 (Q
2). In the case of the SCC, again
we assume the induced scalar form factor fNY3 (Q
2) = 0 (Y = Λ,Σ0,Σ−) and use the SU(3) relations to relate the
induced tensor form factor gNY2 (Q
2) to gnp2 (Q
2) which is parameterized as described in the case of ∆S = 0 reactions.
We summarize our results in the following
A. Total scattering cross section:
(i) The total cross section σ(Eνµ(ν¯µ)) due to the presence of the SCC in the axial vector sector (induced
tensor term) i.e. gNX2 (Q
2) 6= 0 (X = p, n,Λ,Σ0,Σ−) increases more with energy Eνµ(ν¯µ) as compared
to gNX2 (Q
2) = 0. The additional increase is significant only if gNX2 (0) ≥ 1. The presence of SCC with
or without TRI would lead to a smaller value of axial dipole mass MA by about 10% in the case of
gR2 (0) = 2 for the neutrino induced processes and g
R
2 (0) = 1 for the antineutrino induced processes. This
will be in addition to the reduction due to the inclusion of meson exchange current (MEC) and nucleon
correlations [87–93].
(ii) For a given value of gnp2 (0) taken to be purely real in the case of SCC with TRI, the increase in σ(Eνµ(ν¯µ)) is
almost the same for the positive as well as the negative values of gnp2 (0) as the cross section depends mainly
on |gnp2 (Q2)|2 and very mildly on the interference between the first and second class currents involving
gR2 (0).
(iii) In the case of ∆S = 1 sector, for the case of SCC with TRI i.e. for the real values of gNY2 (0) (Y = Λ,Σ
0,Σ−),
the additional increase in σ(Eν¯µ ) is larger for g
NX
2 (0) < 0 than for g
NX
2 (0) > 0.
(iv) For a given value of gNX2 (0) taken to be purely imaginary in the case of SCC without TRI, the increase is
the same and is independent of the sign of gNX2 (0) as its contribution is proportional to |gNX2 (Q2)|2.
B. Average polarizations:
1. Leptons
(i) The longitudinal component of the polarization P
µ
L(Eνµ) is almost always close to -1 for µ
− and +1
for µ+ in reactions νµ + n −→ µ− + p and ν¯µ + p −→ µ+ + n.
(ii) The perpendicular component of the polarization P
µ
P (Eνµ ) is not very sensitive to the value of g
R
2 (0)
unless gR2 (0) (in the case of SCC with TRI) ≥ 1. It shows no sensitivity to gI2(0) in the case of SCC
without TRI.
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(iii) The transverse component of the polarization P
µ
T (Eνµ ) is non-zero only in the presence of SCC without
TRI and is sensitive to the value of gI2(0). It could be 1%(3%) corresponding to g
I
2(0) = 1(3) for the
neutrino induced processes, and 3%(9%) for the antineutrino induced processes around Eνµ = 500
MeV and decreases with energy.
2. Hadrons
(i) The longitudinal component of the polarization P
h
L(Eν¯µ ); (h = n, p,Λ,Σ
0,Σ−) is negative for the
proton in neutrino scattering and its absolute values decreases with energy for the positive as well as
the negative values of gR2 (0) in the case of SCC with TRI. In the case of SCC without TRI, the positive
as well as the negative values of gI2(0) gives the same results and it decreases for g
I
2(0) ≥ 0. In the case
of antineutrino scattering, the polarization of neutron and hyperons P
n,Λ,Σ−
L (Eν¯µ ) is positive at lower
energies and becomes negative at higher energies and has similar behavior to the proton polarization
P
p
L(Eνµ) with respect to g
R
2 (0) and g
I
2(0).
(ii) The perpendicular component of the polarization P
h
P (Eν¯µ) is always negative for proton in the neutrino
scattering and its absolute values decreases with gR2 (0) > 0 and |gI2(0)| > 0 and increases for gR2 (0) < 0.
In the case of antineutrino scattering, the perpendicular polarization of neutrons and hyperons (Λ,Σ−)
have similar behavior to proton polarization with respect to changes in gR2 (0) and g
I
2(0).
(iii) The transverse component of the polarization P
h
T (Eνµ) of the proton in the case of neutrino scattering
is non-zero only in the presence of TRV and could be 15%(45%) for gI2(0) = 1(3) at Eνµ = 1 GeV. In the
antineutrino scattering, the polarization of neutrons and hyperons have similar behavior to the proton
polarization, except that quantitatively the hyperon polarization (Λ and Σ) are smaller than proton
polarization but the neutron polarization is comparable to the proton polarization. For gI2(0) < 0, the
transverse polarization P
n,Λ,Σ−
T (Eν¯µ ) changes sign while the magnitude remains unchanged.
C. Q2 dependence of dσ/dQ2 and P l,hL,P,T (Q
2):
(i) Numerical results for the differential cross section and the polarization observables i.e. dσ/dQ2 and
PΛL,P,T (Q
2) for ν¯µ + p −→ µ+ + Λ are presented for Eν¯µ = 0.7 GeV, 1 GeV and 3 GeV taking MA =
1.026 GeV and M2 =MA.
(ii) The differential cross section dσ/dQ2 for all the processes considered here is not very sensitive to the
presence of the SCC with or without TRI.
(iii) All the polarization components are very sensitive to the numerical values of gR2 (0) and g
I
2(0) used for
evaluating the polarization components PΛL,P,T (Q
2) and also to the sign of gR2 (0), while in case of TRV,
the positive and negative values of gI2(0) give similar results.
D. These calculations are performed with the aim of estimating the effect of the SCC with and without TRI in
the quasielastic ν and ν¯ scattering from the nucleon target. However, presently almost all the antineutrino
experiments in the few GeV energy region are using nuclear targets. In the nuclear targets, these results will be
modified due to the nuclear medium effects. Therefore, in a realistic situation, these calculations are required
to be done in the nuclear targets relevant to the present experiments. Our future plan is to perform such
calculations with nuclear medium effects which will be reported elsewhere.
We conclude that, in the era of precision experiments with neutrino and antineutrino beams, it is possible to get
information on the SCC with and without TRI in the quasielastic reactions specially in the strangeness sector.
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Appendix-I
The expressions Ah(Q2), Bh(Q2), Ch(Q2) and N(Q2) are expressed in terms of the Mandelstam variables and the
form factors as:
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Ah(Q2) = −2
[
f21 (Q
2)
(
±1
2
(M +M ′)
(
∆2 − t))± f22 (Q2)
(M +M ′)2
(
1
2
t(M +M ′)
(
∆2 − t))
± g21(Q2)
(
1
2
∆
(
(M +M ′)2 − t))± |g2(Q2)|2
(M +M ′)2
(
1
2
t∆
(
(M +M ′)2 − t))
± f1(Q
2)f2(Q
2)
(M +M ′)
(
1
2
(
4MM ′t+ t2 −∆2 (M +M ′)2
))
+ f1(Q
2)g1(Q
2)
(
−M ′
(
M2 +M ′
2 − 2s− t
))
+
Re[f1(Q
2)g2(Q
2)]
(M +M ′)
(
1
2
((
M2 +M ′
2 − 2s− t
) (−t− 2M ′∆+∆2)+m2µ (∆2 − t))
)
+
f1(Q
2)g3(Q
2)
(M +M ′)
(−m2µ (∆2 − t))
+
f2(Q
2)g1(Q
2)
(M +M ′)
(
1
2
((
M2 −M ′2 − t
)(
M2 +M ′
2 − 2s− t
)
+m2µ
(
(M +M ′)2 − t)))
+
Re[f2(Q
2)g2(Q
2)]
(M +M ′)2
(
1
2
(
(M +M ′)
(
∆2 − t) (m2µ +M2 +M ′2 − 2s− t)
+ ∆
(
m2µ
(
(M +M ′)2 − t)+ (M2 −M ′2 − t)(M2 +M ′2 − 2s− t)))
)
+
f2(Q
2)g3(Q
2)
(M +M ′)2
(−m2µ(M +M ′) (∆2 − t))
± Re[g1(Q
2)g2(Q
2)]
(M +M ′)
(
1
2
(
(M +M ′)2 − t) (−∆2 − t))
]
(81)
where (+)− sign represents the (anti)neutrino induced scattering and the Mandelstam variables are defined as,
s = M2 + 2ME, (82)
t = M2 +M ′
2 − 2ME′, (83)
with
∆ =M ′ −M. (84)
Bh(Q2) =
2
M ′
[
f21 (Q
2)
(
±1
4
(
t
(
∆2 − 2s)− t2 − 2M ′∆ (M2 − s)+m2µ (M2 + 2MM ′ −M ′2 + t))
)
± f
2
2 (Q
2)
(M +M ′)2
(
1
4
(
t(M +M ′)
(
M3 +M2M ′ −M
(
M ′
2
+ 2s+ t
)
+M ′
3 −M ′t
)
+ m2µ
(
M4 + t(M +M ′)2 −M ′4
)))
± g21(Q2)
(
1
4
(
(
−2M ′(M +M ′) (M2 − s)+ t ((M +M ′)2 − 2s)− t2 +m2µ (M2 − 2MM ′ −M ′2 + t))
)
± |g2(Q
2)|2
(M +M ′)2
(
1
4
∆
(
2M ′
(
−2m2µM2 −M4 +M2
(
M ′
2
+ s+ t
)
+ s
(
t−M ′2
))
+ ∆
(−2M ′(M +M ′) (M2 − s)+ t ((M +M ′)2 − 2s)− t2)+m2µ (M2 − 2MM ′ −M ′2 + t)))
± f1(Q
2)f2(Q
2)
(M +M ′)
(
1
2
(
M4M ′ +M3t−M2M ′
(
M ′
2
+ s
)
−Mt
(
M ′
2
+ 2s+ t
)
+M ′
(
M ′
2 − t
)
(s+ t)
+ m2µ
(
M3 +M2M ′ +M
(
M ′
2
+ t
)
−M ′3 +M ′t
)))
+ f1(Q
2)g1(Q
2)
(
1
2
(
t
(
M2 +M ′
2 − 2s
)
− 2s (s−M2)− t2 −m2µ (M2 +M ′2 − 2s− t))
)
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+
Re[f1(Q
2)g2(Q
2)]
(M +M ′)
(
−1
2
(
M4M ′ − 2M3s+M2
(
M ′
3 −M ′(s+ t)−∆(2s+ t)
)
+ 2Ms(s+ t)−M ′3s
− M ′2∆t+M ′st+ 2∆s2 + 2∆st+∆t2 +m2µ
(
M3 +M2∆−M(3s+ t) + ∆
(
M ′
2 − 2s− t
))
+m4µM
))
+
f1(Q
2)g3(Q
2)
(M +M ′)
(
m2µM
(
m2µ +M
2 − s− t))
+
f2(Q
2)g1(Q
2)
(M +M ′)
(
1
2
(
−M ′ (M2 − s) (M2 +M ′2 − 2s)+ t(M3 + 2M2M ′ +MM ′2 +M ′3 − 3M ′s)
− t2(M +M ′)−m2µ
(
M2M ′ +M
(
M ′
2
+ s
)
+M ′
(
M ′
2 − 2s− t
))
+m4µM
))
+
Re[f2(Q
2)g2(Q
2)]
(M +M ′)2
(
1
4
(
2
(
M3
(
−M ′3 +M ′(3s+ t) + ∆t
)
+M2
(
M ′
4 −M ′3∆−M ′2(3s+ t)
+ M ′∆(3s+ 2t) + 2st) +MM ′s
(
M ′
2 − 2s− 3t
)
+ s
(
M ′
2 − t
)(
2(s+ t)−M ′2
)
+M∆t
(
M ′
2 − t
)
+ M ′∆(s+ t)
(
M ′
2 − 2s− t
) )
+ m2µ
(
−2M4 − 2M3M ′ +M2(−2M ′∆+ 2s+ t)− 2M∆
(
M ′
2
+ s
)
+ 2MM ′(3s+ t)
+ 2M ′∆
(
−M ′2 + 2s+ t
)
−
(
M ′
2 − t
)
(4s+ t)
)
−m4µ
(
3M2 −M ′2 + t
)))
+
f2(Q
2)g3(Q
2)
(M +M ′)2
(
1
2
m2µ
(
m2µ
(
M2 + 2MM ′ −M ′2 + t
)
− 2M ′∆ (M2 − s)+ t (∆2 − 2s)− t2))
± Re[g1(Q
2)g2(Q
2)]
(M +M ′)
(
1
2
(
M ′
(
−2m2µM2 −M4 +M2
(
M ′
2
+ s+ t
)
+ s
(
t−M ′2
))
+ ∆
(
m2µ
(
M2 − 2MM ′ −M ′2 + t
)
− 2M ′(M +M ′) (M2 − s)+ t ((M +M ′)2 − 2s)− t2))) ] (85)
Ch(Q2) = 2

±Im[f1(Q2)g2(Q2)]
(M +M ′)
(−t+ 2M∆+∆2)± Im[f2(Q2)g2(Q2)]
(M +M ′)

−t+ ∆
(
M2 −M ′2 + t
)
M +M ′
+∆2


+
Im[g1(Q
2)g2(Q
2)]
(M +M ′)
(
M2 +M ′
2 − 2s− t+m2µ
)
+
Im[g3(Q
2)g2(Q
2)]
(M +M ′)2
(
2m2µ∆
)]
(86)
N(Q2) = f21 (Q
2)
(
1
2
(
2
(
M2 − s) (M ′2 − s)− t (∆2 − 2s)+ t2 +m2µ (∆2 − 2s− t))
)
+
f22 (Q
2)
(M +M ′)2
(
1
4
(
−2t
(
M4 − 2s
(
M2 +M ′
2
)
+M ′
4
+ 2s2
)
+ 2t2
(
(M +M ′)2 − 2s)
+ m2µ
(
2∆(M +M ′)
(
M2 +M ′
2 − 2s
)
+ t
(
(M − 3M ′)(M +M ′) + 4s) + t2)
+ m4µ(−((3M −M ′)(M +M ′) + t))
))
+ g21(Q
2)
(
1
2
(
2
(
M2 − s) (M ′2 − s)− t ((M +M ′)2 − 2s)+ t2 +m2µ ((M +M ′)2 − 2s− t))
)
+
|g2(Q2)|2
(M +M ′)2
(
1
4
(
4
(
∆2 − t) ((M2 − s)(M ′2 − s)+ st)+m2µ (4∆ (M3 +M2M ′ −M(3s+ t) +M ′s)
+ 2∆2
(
(M +M ′)2 − 2s− t)− (4s+ t) (∆2 − t))+ 2∆2 (−2 (M2 − s) (M ′2 − s)− t ((M +M ′)2 + 2s)+ t2)
+ m4µ
(
∆2 + 4M∆− t)) )
+
g23(Q
2)
(M +M ′)2
(
m2µ
(
m2µ − t
) (
∆2 − t))
+
f1(Q
2)f2(Q
2)
(M +M ′)
(
−
(
t(M +M ′)
(
∆2 − t)+m2µ (−∆(M ′2 − s)+M ′t)+m4µM))
± f1(Q2)g1(Q2)
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−
(
t
(
M2 +M ′
2 − 2s− t
)
+m2µ
(
M2 −M ′2 + t
)))
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± Re[f1(Q
2)g2(Q
2)]
(M +M ′)
(
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t
(
M2 +M ′
2 − 2s− t
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+m2µ
(
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2)g2(Q
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t
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M2 +M ′
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M2 −M ′2 + t
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+
Re[g1(Q
2)g2(Q
2)]
(M +M ′)
((
∆
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2)g3(Q
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(M +M ′)
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m2µ
(−2∆ (m2µM +M3 −M2M ′ −M(s+ t) +M ′s)
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Appendix-II
The expressions Al(Q2), Bl(Q2) and Cl(Q2) are expressed in terms of the Mandelstam variables and the form
factors as:
Al(Q2) = 2
[
f21 (Q
2)
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1
2
mµ
(
M2 + 2MM ′ − s))
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Bl(Q2) =
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Cl(Q2) = 2
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Im[g3(Q
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2)]
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]
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